Density Functional Based Tight-Binding (DFTB) molecular dynamics (MD) simulations were performed for producing carbon nanotubes from graphene nanoribbons. The constant temperature simulations were controlled with the help of Nosé-Hoover thermostat. In our systematic study we obtained critical curvature energies and determined topological conditions for nanotube production from two parallel graphene nanoribbons. We obtained linear relationship between the curvature energy and the square of the curvature.
Introduction
Although the exceptional electric properties of carbon nanotubes have already been proven in several publications [1] , until now only very few electric devices were presented or realized [2] [3] [4] . This fact can be explained by the lack of well-controlled reliable technology for nanotube or nanotube network construction. Nanotube construction from nanoribbons is a promising possibility. Nanoribbons can be produced with the help of nanolithography [5] and various chemical compounds [6] [7] [8] . Special ribbons can be obtained by cutting of nanotubes [9] . The electronic properties of graphene nanoribbons are under intensive theoretical [10] [11] [12] [13] and experimental [13, 14] study. Various ribbon structures as the L [15] , the T [16] [17] [18] , and the Z [19, 20] structures were suggested for various nanoelectric building blocks. Experimental and simulational methods are used for the study of nanoelectric networks [21] and functional units [22] [23] [24] . For the time being the accuracy of nanoribbon cutting from graphene is about few nm, and only one order of magnitude is missing to the atomic accuracy. There are studies for the instabilities at nanoribbon edges and nanotubes are obtained in molecular dynamics simulations from two nanoribbons [25, 26] . It was demonstrated in molecular dynamics simulations that graphene patterns with atomic accuracy can develop in a self-organizing way to the predetermined fullerenes or nanotubes [27] [28] [29] .
The importance of nanotube production from two nanoribbons comes from the fact that in this way open ended carbon nanotubes are developed, but the one-pattern nanotubes are always closed at one end [27] . Nanotube growing from nanoribbons is not a trivial task although the idea has already been published [25, 26] . In the present work we shall study the topological and energetical conditions for the growing of perfect nanotubes. We shall study the connection between the curvature energy and the nanotube curvature.
The Method
The interatomic interaction was calculated with the help of Density Functional Tight-Binding method [30] . The nanoribbons were cut out from a graphene sheet of interatomic distance = 1.42Å. After putting the two nanoribbons one over the other with parallel position, the nanotube formation was simulated in a molecular dynamics calculation with constant environmental temperature [31, 32] . The time step was Δ = 0.7 fs and the Verlet algorithm [33] gave the velocity. The initial atomic displacements during the time step of Δ = 0.7 fs were sorted randomly and they gave the initial velocities by appropriate scaling. In this scaling we supposed an initial kinetic temperature init . This initial temperature was chosen from the range of init = 1000 K and 1100 K. We have found that the final structure was depending more strongly on the direction of the initial velocities than the actual value of init . That is, by scaling of the initial temperature in the above-mentioned range, the final structure was not strongly changing. As the formation of new bonds decreased the potential energy and increased the kinetic energy we had to keep the temperature constant. In a constant energy calculation the kinetic energy obtained by forming new bonds destroyed other bonds of the structure. We used Nosé-Hoover thermostat [31, 32, 34, 35] for the constant temperature simulation. It is evident that in the Nosé-Hoover thermostat there is an oscillation of the temperature but it can not destroy the structure formation. In the following the temperature of the calculation will mean the temperature of the thermostat. If the constant temperatures were realized with the help of random scaling of the kinetic energy we could not distinguish the temperature of the environment and the structure. This is why we can speak about the init temperature and the temperature of the Nosé-Hoover thermostat (the environment temperature).
Results
We were studying armchair and zigzag nanotubes. The initial structure contained two congruence graphene nanoribbons put one over the other at a distance of 3.4Å ( Figure 1 ). We calculated the interatomic forces between the carbon atoms and we were awaiting new bond formations at the edges of the ribbons. We wanted to obtain the predefined nanotube in a self-organizing process. According to our simulations the formation conditions were depending on the type of the nanotube. In the following we shall present our results for armchair and zigzag nanotubes. performed at 1000 K temperature. We observed the initial growing together at both sides of the ribbons, but the process stopped at the established structure of the figure. At one side there is a tendency to form a graphene sheet. We repeated the experiment at lower and higher initial temperatures as well, but we did not obtain the desired structure. In the range of (700 K, 1300 K) the final structure was very similar to that of Figure 1 . At even lower temperatures the formation process could not start and at higher temperatures we obtained a complete destruction.
In order to yield a perfect nanotube we tried to change the size of the ribbons. First we increased the length as in this way we hoped to increase the probability to form favorable bond formation. We hoped as well that the increased number of new bonds could supply enough forces for the structure formation. Figures 2 and 3 show the new simulations. The increased lengths are taken at simulation temperatures of 1250 K and 1100 K.
Although in Figures 2 and 3 the nanotube formation started at various parts of the ribbons the final structures are still frozen in structures with full of defects similar to Figure 1 . Changing the temperatures we did not obtain perfect structures. Thus we decided to change the widths of the ribbons as well. In the following we shall present only the results of the most characteristic runs.
In Figure 4 we present the results of a simulation with increased width (9.23Å) of the nanoribbons. The environmental temperature was 1000 K. We can see that with increased ribbon widths we obtained perfect nanotube even at a short length. Figure 5 shows that by increasing the width of the nanoribbon the formation of perfect nanotube will be kept.
Our results that the nanotube formation depends on the nanotube width can be explained with the help of the curvature energy:
Here tube and graphene are the formation energies of nanotube and graphene. These energies are normalized to atoms. Figure 6 shows the curvature energies in the function of the nanotube radius. We can see that the curvature energy decreases as the radius increases. There is a critical curvature energy over which the heat energy of the environment can not produce the energy sufficient for overtaking energy barrier of the bond formation. By increasing the temperature the structure could overtake this barrier, but it could destroy the other bonds as well. Figure 6 shows that the formation of nanotube can happen only if the corresponding curvature energy is less than critical curvature energy of 0.18 eV. This critical curvature energy corresponds to the nanotube (5,5) of radius 3.3Å which is obtained from the ribbons of widths 9.23Å (Figure 4 ).
Zigzag Nanotubes.
In the case of zigzag nanotubes there is an extra complication. If we put two congruence and parallel zigzag nanoribbons one over the other, the final structure will be that of Figure 7 . Instead of obtaining a zigzag nanotube we obtained an armchair one rotated by 90 ∘ degrees. Namely, the atoms to be bonded at the zigzag side of the ribbon are nearer to each other than those at the armchair side. In Figure 7 see the relation 1 > 2 . Here 1 and 2 are in order of the distances between the atoms to be bonded at the zigzag and at the armchair sides of the ribbons. In order to fulfill the condition of 1 < 2 at the edges of the ribbons we cut one of them shorter in the following models, as it can be seen in Figure 8 .
In the case of zigzag nanotubes the critical ribbon width is greater than the same value at the armchair nanotubes. In the following examples we shall study the problem of the critical width of zigzag nanoribbons. In Figure 8 the widths of the two parallel ribbons are 13.53Å and 15.99Å. Although the condition of 1 < 2 is fulfilled, the final structure became a half-sewed configuration.
Journal of Nanomaterials In Figure 9 the two ribbons are shifted in order to obtain the condition of 1 < 2 . We can see the structures after the simulation times of 1.7 ps and 2.8 ps. There is still a tendency of constructing a flat structure. In Figure 10 we increased the width to 15.99Å and the ribbons are still shifted. At 0.4 ps we observed an initial nanotube formation and at 2.8 ps we obtained a perfect zigzag nanotube.
For zigzag nanotubes in the same way as in the case of armchair nanotubes the tube formation process depends strongly on the widths of the ribbons. In Figure 11 we increased the width of the ribbons and the bond formation process started at 0.8 ps reaching the complete tube structure at 2.6 ps.
During the formation of zigzag nanotubes we found more difficulties than in the case of armchair nanotubes. We solved the problems by shifting the two ribbons relating one to the other and we obtained larger critical ribbon width than for the armchair nanotubes. Figure 12 shows the curvature energies of armchair and zigzag nanotubes in the function of the nanotube radius. The two sets of values are practically on the same curve.
The critical ribbon width of zigzag nanotubes is 15.99Å. This corresponds to the nanotube (14,0) and the critical curvature energy of 0.1 eV. In Figure 13 the same curvature energy of armchair and zigzag nanotubes is presented in the function of the square of nanotube curvature (1/ 2 ). We obtained a linear function.
Conclusions
From our molecular dynamics simulations we obtained the following conditions for nanotube formation from two parallel nanoribbons put one over the other:
(i) For armchair nanotubes the critical ribbon width is 9.23Å corresponding to the critical curvature energy of 0.18 eV.
(ii) For zigzag nanotubes we obtained the critical ribbon width of 15.99Å and the corresponding critical curvature energy of 0.1 eV.
